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Electron capture dissociation (ECD) has been demonstrated to be an effective fragmentation
technique for characterizing the site and structure of the fatty acid modification in ghrelin, a
28-residue growth-hormone-releasing peptide that has an unusual ester-linked n-octanoyl
(C8:0) modification at Ser-3. ECD cleaves 21 of 23 possible backbone amine bonds, with the
product ions (c and z ions) covering a greater amino acid sequence than those obtained by
collisionally activated dissociation (CAD). Consistent with the ECD nonergodic mechanism,
the ester-linked octanoyl group is retained on all backbone cleavage product ions, allowing for
direct localization of this labile modification. In addition, ECD also induces the ester bond
cleavage to cause the loss of octanoic acid from the ghrelin molecular ion; the elimination
process is initiated by the capture of an electron at the protonated ester group, which is
followed by the radical-site-initiated reaction known as -cleavage. The chemical composition
of the attached fatty acid can be directly obtained from the accurate Fourier transform ion
cyclotron resonance (FTICR) mass measurement of the ester bond cleavage product
ions. (J Am Soc Mass Spectrom 2002, 13, 1443-1447) © 2002 American Society for Mass
Spectrometry
Electron capture dissociation (ECD) [1–5] hasemerged as a promising new tool for tandemmass spectrometry (MS/MS) of multiply charged
(protonated) proteins and peptides generated by elec-
trospray ionization (ESI) [6] using Fourier transform ion
cyclotron resonance (FTICR) mass spectrometry [7, 8].
ECD typically causes extensive fragmentation of back-
bone amine bonds to produce c and z fragment ions, in
contrast to the b and y fragment ions produced from the
amide bond cleavage by conventional energetic frag-
mentation methods, such as collisionally activated dis-
sociation (CAD) [9–14], surface-induced dissociation
(SID) [15], infrared multiphoton dissociation (IRMPD)
[16], blackbody infrared dissociation (BIRD) [17, 18].
Although c and z ions were initially observed in the 193
nm ultraviolet photodissociation (UVPD) mass spectra
of multiply charged protein ions [19], they were the
products of unexpected ECD processes: The low-energy
electrons were ejected from metal surfaces by 193 nm
photons (6.4 eV), and were captured by the protein ions
trapped in a FTICR cell [1]. In addition, ECD is a
nonergodic process (i.e., cleavage happens prior to
energy randomization); the ECD backbone cleavages
impart very little internal energy into the fragments, as
a result, the labile side-chain modifications can be
retained on the backbone fragment ions. This is in sharp
contrast to the conventional ergodic fragmentation
methods that typically eject the labile modifications
before cleaving the backbone bonds. These unique
attributes of ECD in providing extensive, nonergodic
peptide backbone fragmentation have been demon-
strated to be advantageous for localizing labile post-
translational modifications, such as -carboxylation
[20], sulfonation [20], glycosylation [21–23], and phos-
phorylation [24, 25].
In this study we examine ECD of ghrelin, a post-
translationally acylated peptide hormone that has an
unusual C8:0 acylation (octanoic acid modification) at
Ser-3 residue [26, 27]. The ester-linked C8:0 fatty acyl
moiety is essential for the activities of ghrelin, which
include growth hormone secretion, feeding regulation,
and energy homeostasis. Although the mechanism by
which the fatty acyl moiety exerts its effects has not
been elucidated, the hydrophobic acyl chain has often
been recognized to be important for the stable associa-
tion of proteins/peptides with cellular membranes [28,
29]. In determining the site and identity of the fatty acid
modification in ghrelin, Kojima et al. used procedures
including Edman degradation, complementary DNA
analysis, ESI-MS, chemical synthesis and reverse phase
HPLC analysis, which required a significant amount
(micrograms) of purified materials [26]. We show here
that the unique combination of extensive structural
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fragmentation by ECD and accurate mass measure-
ments by FTICR allows for direct determination of the
site and identity of the fatty acyl modification in ghre-
lin. The ECD results are also compared with the data
obtained by CAD.
Experimental
Ghrelin (human) and des-octanoyl ghrelin (human)
were purchased from Phoenix Pharmaceuticals, Inc.
(Belmont, CA). Samples were dissolved in water/meth-
anol/acetic acid (49:49:2 vol/vol/vol) at a concentration
of 5 M, and were nanosprayed [30] from the PicoTips
(New Objective, Inc., Woburn, MA).
To perform ECD experiments, the 3-tesla Finnigan
NewStar Fourier transform ion cyclotron resonance
mass spectrometer (Finnigan FT/MS, Bremen, Ger-
many) was modified. The electron gun assembly on the
commercial instrument was taken out and installed in
the fringing magnetic field region (0.8 m away from
the ICR cell) on the side opposite to that of the ESI
source. Ions generated by nanospray were externally
accumulated outside of the magnet in a rf-only octopole
for 1 s and then transferred through electrostatic lenses
into the trapped ion cell [31]. The precursor [M 5H]5
ions were first isolated by stored-waveform inverse
Fourier transform (SWIFT) ejection [32]. After a short
pulse of N2 collision gas for ion cooling, the isolated [M
 5H]5 ions were then irradiated with low-energy (0.5
eV) electrons from the heated filament of the electron
gun for 1 s. The product ions were then subjected to
chirp excitation and broadband detection. All ECD
spectra shown in this paper represent an average of 50
time-domain transients obtained with an Odyssey data
system.
For CAD, the SWIFT-isolated precursor ions were
collisionally activated using 20 Vp-p sustained off-
resonance irradiation (SORI) [14, 33] at 1.5 kHz off-
resonance from the frequency of precursor ion, 0.1 s
after the pulsed introduction of N2 collision gas (a peak
pressure reached 5  106 torr in the analyzer vac-
uum chamber).
Results and Discussion
Localization of Acylation Site
Electrospray ionization of ghrelin, GSS(n-octanoyl)FL-
SPEHQRVQQRKESKKPPAKLQPR, yielded an intense
peak at m/z 675 for [M  5H]5. Figure 1a is the ECD
spectrum of SWIFT-isolated [M  5H]5 of ghrelin. The
observed 17 c and 17 z ions correspond to the cleavage
of 21 out of 23 possible backbone amine bonds. The
N-terminal sides of four prolines are not considered
because they are not susceptible to cleavage by ECD
due to the cyclic structure of proline (the peptide
backbone would still be connected through the proline
side chain even if the backbone imide-N to C bond is
cleaved) [2, 3]. The mass difference of 213 Da between
z25
3 (m/z 999.5) and z26
4 (m/z 803.2) corresponds to
the mass of a C8:0 acylated serine, which permits the
localization of the acylation site at Ser-3. The ester-
linked C8:0 fatty acyl group is retained on all backbone
fragment ions (c and z) that originally contain the
acylated Ser-3, with each of these fragments having a
mass shift of 126 Da from the corresponding fragment
produced from des-octanoyl ghrelin (GSSFLSPE-
HQRVQQRKES KKPPAKLQPR) as shown in Figure 1b.
The retention of the ester-linked C8:0 acyl group on the
backbone fragments during the ECD process supports
the nonergodic mechanism, and is in agreement with
previous ECD results on other labile posttranslational
modifications [20–25]. The ECD spectra of ghrelin and
des-octanoyl ghrelin are very similar with respect to the
backbone fragmentation, perhaps implying that there is
little interaction between the peptide backbone and the
hydrophobic C8:0 acyl chain.
ECD versus CAD
Sustained off-resonance irradiation (SORI) is an effi-
cient and frequently used CAD method for tandem MS
of multiply charged peptides and proteins in FTICR [14,
33]. SORI-CAD of ghrelin [M  5H]5 yielded two b-
and 12 y-fragments (Figure 2a), cleaving 12 inter-resi-
due bonds, far fewer than the 21 inter-residue bonds
cleaved by ECD. The comparison of backbone cleavages
effected by ECD and CAD of ghrelin [M  5H]5 is
shown in Figure 3. The major CAD product ions (y22–y26
ion series) of ghrelin and desacyl ghrelin are produced
from fragmentations near the N-terminal region. In
Figure 1. ECD spectra of ghrelin [M  5H]5 and des-octanoyl
ghrelin [M 5H]5. Asterisk denotes an adduct peak not removed
by SWIFT excitation.
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comparison, the backbone fragmentation by ECD is far
less selective; variations in ECD product ion abundance
are much less significant than those in the CAD spec-
trum.
Many of the CAD fragments are accompanied by
structurally uninformative H2O losses, which are ab-
sent in the ECD spectra. Among the three backbone
fragments (b5, b17, and y26) that contain Ser-3, the
ester-linked octanoyl group is retained only on y26, but
completely lost from b5 and b17 ions. These neutral
losses (H2O and the C8:0 fatty acid) from the backbone
fragments are undesirable, and severely complicate
MS/MS data interpretation. There have been few re-
ports describing MS/MS characterization of acylated
proteins or peptides. In identifying the novel palmitoyl-
ations on internal lysine residues in adenylate cyclase
toxins (ACT) [34, 35], Hackett and coworkers showed
that the amide-linked palmitoyl groups are retained on
the backbone fragments (b, y) during CAD in a triple-
quadrupole mass spectrometer.
It is noteworthy that the FTICR-CAD spectrum of
ghrelin shows far fewer b ions than y ions. This is
perhaps due to the lower stability of b type ions as
suggested previously [36, 37]. Given that the CAD
spectrum of desacyl ghrelin (Figure 2b) shows no b ions,
the fatty acid elimination in ghrelin during CAD might
help to release the excess internal energy, and thus
stabilize the observed b ions (b5 and b17).
The charge-reduced molecular species, [M  5H 
e]4 and [M  5H  2e]3, are the major product
ions in the ECD spectra of [M  5H]5 for both
ghrelin and des-octanoyl ghrelin. The charge-reduced
species are not structurally informative and have
often been observed as the major peaks in the ECD
spectra of multiply charged proteins and peptides.
However, they are absent or negligible in the CAD
spectra.
ECD of the Ester Bond in Ghrelin
The expanded ECD spectrum of ghrelin (Figure 4)
shows two ester bond cleavage product ions. The major
peak A (4, m/z 807), differing from [M 5H]4 ion by
144.112, is consistent with the loss of a C8:0 fatty acid
(C8H16O2, theoretical mass 144.115). The minor peak B
is 17 Da higher in mass than A, corresponding to the
loss of C8H15O from [M  5H]
4.
The proposed mechanisms for ECD of the ester bond
to generate A and B product ions are shown in Scheme
1. Both mechanisms are based on the postulate that
there is one charge (proton) localized at the ester group
(the ester group is either protonated, or serves as the
solvation site for the protonated side chain of a basic
amino acid residue). Supporting evidence for this
charge site is the charge states of C-terminal backbone
fragment ions by both ECD and CAD (ECD: z26
4, z25
3;
CAD: y26
5, y25
4); there is one charge difference in the
Figure 2. SORI CAD spectra of ghrelin [M  5H]5 and des-
octanoyl ghrelin [M  5H]5. Dot denotes H2O loss peaks. OA is
the abbreviation for octanoic acid.
Figure 3. Comparison of backbone cleavage sites by ECD and
CAD of ghrelin [M  5H]5. ECD: The octanoyl group is retained
on the backbone fragment ions (c and z ions) that contain Ser-3.
CAD: The octanoyl group is retained on y26
4, but not on b5
 or
b17
2 ions. These fragments (y26
4, b5
, and b17
2) are the Ser-3
containing fragments observed in the CAD spectrum of ghrelin.
Figure 4. Expanded ECD spectrum of ghrelin. A and B ions are
product ions from the ester bond cleavage.
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product ions from cleavages at the second and third
inter-residue bonds. Protonation of the ester seems to be
unlikely, based on the proton affinities (PA) of small
molecule esters (200–205 kcal/mol) and individual
amino acids (200–230 kcal/mol) [38, 39]. However,
protonation of the ester (at Ser-3) is favored in terms of
electrostatic forces and coulombic energy [40], because
this charge site would be relatively distant from the
eight most basic residues (1 histidine, 4 lysines, 3
arginines) in ghrelin, some of which are likely to be
protonated in the 5 ions, but none is in the N-terminal
region.
The electron capture by the protonated carbonyl
group yields a free radical site, which then leads to the
elimination of the C8:0 fatty acid from the precursor
molecular ion. This fragmentation pathway (leading to
A, Scheme 1) is analogous to the radical-site-initiated
reaction known as “-cleavage” [41, 42], and parallels
the backbone amine bond cleavage leading to c, z
backbone fragment ions. The fragmentation pathway
that yields the minor product ion (B), is similar to the
pathway leading to minor a, y backbone fragment ions
[1–3]. The ester bond cleavage represents a new exam-
ple of the radical site reactions initiated by electron
capture at a protonated functional group. Previously,
ECD had been reported to yield only minimal fragmen-
tation for multiply charged polyester ions [3]. The fatty
acid elimination by ECD of ghrelin is also analogous to
amino acid side-chain fragmentation [1, 43], which
occurs in basic residues that are likely to be protonated
and capture electrons. From the fatty acid elimination
products, the chemical composition of the modifying
group can be determined by the accurate FTICR mass
measurement. Thus, the ester bond cleavage offers
direct information about the presence and structure of
the fatty acid modification.
Conclusion
The current results demonstrate the applicability of
ECD for characterizing an acylated peptide. ECD-
FTICR/MS provides sufficient structural information
for identifying the chemical nature and determining the
site of the fatty acid modification in ghrelin. ECD offers
more extensive sequence fragmentation than CAD, and
preserves the C8:0 fatty acyl group on the backbone
sequence fragment ions (c and z ions) allowing for
direct localization of the acylation site. Furthermore,
ECD causes cleavage of the ester bond, resulting in the
loss of the C8:0 fatty acid from the molecular ion. This
process is postulated to be an odd-electron, free radical
driven -cleavage. The accurate mass measurement of
FTICR/MS can be utilized to determine the elemental
composition and to deduce the chemical structure of the
modifying fatty acid group. These results demonstrate
that ECD-FTICR may find general applications in char-
acterizing the ester-linked fatty acylations in peptides
or proteins.
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